The deoxyribonucleic acid (DNA)-dependent ribonucleic acid (RNA) polymerase of Escherichia coli (EC 2.7.7.6; nucleoside triphosphate: RNA nucleotidyltransferase) consists of at least four polypeptide subunits: a, /3, /3', and a- (4, 23) . The genes for the two large subunits, /8 and l3', are located adjacent to one another at min 89 on the E. coli chromosome and are coordinately expressed (2, 8, 14, 15, 16) ; the gene for the a subunit is located at min 72 (12) . The location of the gene for the o-subunit is unknown. The role that the individual subunits play in the transcription process is not well understood. A promising approach to the problem of determining subunit functions is the study of mutationally altered RNA polymerase. Resistance to the drug rifampin is conferred by mutations located in the structural gene for the /3 subunit. Only one temperature-sensitive mutant that produces conditionally defective RNA polymerase has been characterized, with the defect being in the /3' subunit (12, 18) . These mutants have yielded information on the /8 and ,3' subunits, but the precise functions of these subunits have yet to be defined.
Mutants with temperature-sensitive RNA polymerase activity have been difficult to isolate because of the lack of a powerful selection for them. We have attempted to isolate such mutants in Salmonella typhimurium using the method of localized mutagenesis described by Hong and Ames (11) . Although S. typhimurium RNA polymerase had not been characterized, we have found no difference between this enzyme and the E. coli RNA polymerase. When the localized mutagenesis procedure was followed by a [3H]uridine suicide enrichment, a large number of mutants temperature sensitive specifically in uridine incorporation were isolated. In this paper we describe one strain in which temperature sensitivity is caused by a mutation in the /3' subunit of RNA polymerase.
MATERIALS AND METHODS
Bacterial and phage strains. Mutants were derived from S. typhimurium LT-2 strain DB53 Cys-His-(designated as wild type in the figures and text; obtained from D. Botstein). Strain PMR4 carrying spontaneous rifampin resistance mutation rpoB4 was isolated from DB53 by P. Morris. In E. coli the genes for the RNA polymerase subunits a, ,8, and /3' have been designated rpoA, -B, and -C, respectively (9) . We have used this nomenclature for S. typhimurium RNA polymerase genes. BY324 is strain DB53 rpoC32 and was constructed by transduction.
The genotypes ofthe bacterial strains are summarized in Table 1 . All of these strains were derived from strain DB53 Cys-His-. Transductions were carried our as described by Ebel-Tsipis and Botstein (7) using recipient strains lysogenic for P22 amNll sie- (21) to increase the yield of transductants when necessary. In some cases strains were subsequently cured of this prophage.
Localized mutagenesis and [3Hluridine killing. The high-frequency transducing phage P22 HT/4 (19) grown on PMR4 (rpoB4) was mutagenized with hydroxylamine-hydrochloride to 5 to 10% survival (11) . The mutagenized phage were mixed with DB53 lysogenic for P22 amNll sie-cells at a multiplicity of 8 to 10 particles per cell (2 x 108 to 3 x 108 cells per ml) at 370C for 10 min, diluted 50-fold in LB broth (7) containing P22 antiserum (K = 4), incubated for 3 h at 300C, concentrated 50-fold, and spread on OMglucose plates [1.1% K2HPO4-0.45% KH2PO4-0.05% (2 , uCi/ml) (New England Nuclear), and purified RNA polymerase in a final volume of 0.25 ml. The reactions were stopped by the addition of 2 ml of 5% trichloroacetic acid containing 0.01 M sodium pyrophosphate. Precipitates were collected on Whatman GF/A filters, and the radioactivity was determined in a liquid scintillation counter.
Separation and reconstitution of RNA polymerase subunits. Subunits of purified RNA polymerase were separated by electrophoresis on cellulose acetate (10) with the buffer system described by Boyd et al. (3) . Core enzymes were reconstituted by dialysis of subunit mixtures against 0.05 M Tris (pH 8)-0.5 M KCl-0.01 M MgCl2-1 mM dithiothreitol-20% glycerol overnight at 4°C, followed by 3 h at room temperature with no change of dialysis fluid (22) . The enzyme was reconstituted at a protein concentration of 100 jAg/ml.
RESULTS
Isolation and in vivo characterization of temperature-sensitive RNA synthesis mutants. The generalized transducing phage P22 grown on a rifampin-resistant (Rifr) donor was mutagenized with hydroxylamine (11) and used to transduce a rifampin-sensitive (Rifs) recipient to Rifr. Rifr transductants isolated by this procedure have an increased frequency of mutations in the rpo (formerly called rif) region of the chromosome (11) . We incubated a population of Rifr transductants with [3H]uridine at 42°C for various times, washed the cells, and stored them at 4°C to enrich for mutants that make reduced amounts of RNA at the nonpermissive temperature (42C) (1, 6) . Figure 1 shows the rate of tritium killing after 10, 20 (Fig. 2A) . In contrast, the rate of uridine incorporation in a culture of strain BY32 decreased sharply by 5 min and remained at the low level for the duration of the experiment (Fig. 2B) . Only strain BY32 displayed this second pattern of uridine incorporation, whereas the patterns of 18 independent temperature-sensitive mutants resembled that of strain BY13. In the wild-type control the rate of uridine incorporation increased after the shift to 42°C (Fig. 2C) . DNA synthesis in mutant and wild-type strains was unaffected by the temperature shift. We purified RNA polymerase from several mutants, including strain BY32, to determine whether any produced a temperature-sensitive enzyme. RNA polymerase purified from strain BY32 was temperature sensitive in vitro (see below), whereas enzymes from other mutants were not.
In vitro temperature sensitivity of BY324 RNA polymerase. The rate of RNA synthesis -A. by wild-type RNA polymerase using a poly(dAdT) template was twofold greater at 45°C than at 30°C (Fig. 3) . In contrast, the highly purified enzyme from strain BY324 (rpoC32) was less active at 450C than at 300C. After 60 min of incubation (Fig. 3) , the 45°C to 30°C activity ratio was 0.5 for mutant enzyme and greater than 2 for wild-type enzyme. The temperature sensitivity of the purified enzyme from strain BY324 suggests that the temperature-sensitive mutation is located in a gene for one ofthe RNA polymerase subunits.
To determine whether the temperature sensitivity of the mutant RNA polymerase was due to thermolability of the enzyme protein as found for the temperature-sensitive rpoC mutant T16 in E. coli (18), we measured the effect of preincubation of wild-type and mutant enzymes at 450C and 500C (Fig. 4) . The enzymes were incubated at these temperatures in assay buffer without DNA template or nucleoside triphosphates. The residual enzyme activity was measured at 300C at the times indicated. Mutant and wild-type enzymes lost activity at the same rates, indicating that the temperature sensitivity of the BY324 RNA polymerase was TIME (min) FIG. 2. RNA and DNA synthesis by BY13 (A), BY32 (B), and wild-type (C) cells at 30°C and 42°C. The rates ofRNA synthesis in exponentially growing cultures in M9 CAA at 30°C and after a shift to 42°C (arrow)
were measured by incubating 1 ml of cells for 2 min with [3H]uridine (2 ,uCi; 5 4g) at 30'C or 42°C at indicated times. Cells were precipitated with 1 ml of 10% trichloroacetic acid, and the precipitates were collected on Whatman GFIA filters and counted in a liquid scintillation counter. DNA synthesis was measured in parallel cultures growing in the presence of deoxyadenosine (300 pglml) and [3H]thymidine (2 ,uCi; 1 lAg/ml). Samples were removed, and acid-insoluble radioactivity was measured as above. Symbols: 0, RNA synthesis at 30°C; 0, RNA synthesis at 42°C; A, DNA synthesis at 30°C; A, DNA synthesis at 42°C. Table 2 to reconstitute RNA polymerase core enzyme (10, 22 enzyme was rifampin resistant (purified from PMR4). The 1' subunit from BY324 was identified as the altered subunit in another experiment using ts+ rifampin-sensitive enzyme (data not shown). In E. coli the 13 subunit determines the response to rifampin (3, 10) . To find out which subunit confers resistance to this drug in S. b Samples of enzymes were incubated with rifampin (2 pg/ml) for 30 s prior to the addition of the substrates and poly(dA-dT) template.
' Ratios were calculated from the data in column 2 (-rif) and column 5 (+rif).
typhimurium we used a Rifr ts+ RNA polymerase (purified from PMR4) in the experiment described in Table 2 and assayed the reconstituted enzymes in the absence and presence of rifampin (columns 2 and 5). The ratios of these activities (column 6) indicate that the PMR4 18 subunit confers resistance to rifampin (lines 1, 4, 5, and 7).
Genetic characterization of rpoC32. The mutations obtained by the localized mutagenesis technique described above were co-transducible with the rpoB4 (/3) marker. The rpoB4 (13) and rpoC32 (,3') mutations were co-transduced by phage P22 at a frequency of 68%, and the map order is argF-rpoB4 (/3)-rpoC32 (13') (unpublished data). We have found that the orientation ofthese genes is the same as that in E. coli (8).
Although we were unable to detect spontaneous wild-type revertants of BY32, revertants were obtained at a frequency of 10-8 to 10-9 after treatment with the mutagen 2-aminopurine. RNA polymerase extracted from one such revertant was indistinguishable from wild-type RNA polymerase with respect to its temperature optimum, and the temperature independence of this strain was co-transducible with rpoB4. From these results we assume that the temperature-sensitive phenotype of BY32 is caused by a point mutation in the 13' gene. DISCUSSION The investigation of temperature-sensitive RNA polymerase mutants is desirable for studies of subunit function, the control of subunit synthesis, and the overall control of transcription within the cell. We have found that localized mutagenesis followed by a [3Hluridine enrichment provides a powerful selection for such mutants. When 20 temperature-sensitive mutants isolated by this procedure were examined in vivo for temperature sensitivity of [3H]-uridine incorporation, one (BY32) displayed a dramatic reduction of [3H]uridine incorporation at 42°0. The RNA polymerase purified from BY32 was found to have temperature-sensitive activity in vitro. The technique used to isolate this mutant has the potential to generate 18 mutants as well as additional 3' mutants. By localized mutagenesis of the spc region of the chromosome it could be used to generate a mutants as well.
The temperature sensitivity of RNA polymerase purified from BY32 and its derivatives is caused by a mutation in the gene for the ,3' subunit (rpoC). The order ofthe rpoB and rpoC genes in S. typhimurium was found to be identical to that in E. coli, and no electrophoretic differences between the RNA polymerases of the two organisms were detected.
The mutant BY32 should be more useful for studying transcription both in vivo and in vitro than previously described strains with temperature-sensitive mutations in rpo genes. Transcription by RNA polymerase containing the rpoC32 mutation is temperature sensitive, but the enzyme displays wild-type stability during preincubation at high temperatures and throughout purification and storage. We intend to exploit these properties to determine which steps of the transcription reaction are altered with the mutant enzyme. Several steps in the transcription process, binding, initiation, elongation, and termination, have been defined using in vitro assays (reviewed in reference 5). One or more of these steps may be affected by the rpoC32 mutation. Measurements of the effect of high temperatures on each step of transcription by BY324 RNA polymerase will hopefully provide information on the role of the (3' subunit in the process of RNA synthesis.
